Abstract. The process of erosion destruction of steels with austenitic, sorbitol and martensitic structure under the influence of high-speed liquid-drop collisions is studied. The characteristics of the morphological features and mechanisms of the process of surface degradation of steels with different structures are given. Their classification criterion is proposed on the basis of the diagrams of limiting states. Based on the theory of Paris-Erdogan, the computational and analytical model of the fatigue fracture of martensitic steel has been developed.
Introduction
The impact of a water drop on a metal surface includes several components: mechanical, cavitational (hydrodynamic and bubble) and corrosive [1] [2] [3] [4] [5] . The prolonged cyclic action of droplets causes fatigue failure of the metal, which takes place in several stages [6, 7] . The first of these, incubation, is characterized by the fact that there are no signs of destruction and loss of mass at this stage. Therefore, the duration of the incubation period is usually taken as an anti-erosion property of the material under the conditions of droplet impact. In practice, the conditions for droplet erosion are formed during condensation in vapor-gas environments and lead to progressive deterioration of the blades of steam-gas turbine and compressor equipment. This problem is very relevant and is being actively studied [8] [9] [10] [11] [12] [13] [14] .
To date, the physical nature of the initiation of wear during impact-dropping effects is not fully understood. In a number of works [3, [15] [16] [17] [18] [19] we have studied the features of this phenomenon in such ductile metallic materials as single-phase titanium alloys, steel with an austenitic or sorbitol structure.
The beginning of wear in this case is determined by the development of subsurface fatigue porosity (Fig. 1a) , which appears in the metal in the impact zone by the percolation mechanism [20, 21] , followed by pore fusion and the formation of primary surface erosional wear craters (Fig. 1b) . In this case, the craters have a distinctive morphology with a very branched wall surface. Morphological features of such wear and its calculation and analytical model, developed on the basis of the principles of the fatigue theory of Goodman, are most thoroughly represented in the work [3] . In hardened metal materials, the percolation mechanism а) b) cannot be realized, since the size of the plasticity zones is too small. In this case, the fatigue porosity is not formed, and the morphology of the primary wear craters is determined by the mechanism of nucleation, growth, and branching of brittle fracture fatigue cracks. Distinctive features of such a mechanism for the nucleation of erosion craters are the relatively smooth surface of their walls (Fig. 2a) and the presence of cracks in the cross section of the craters (Fig. 2b) . On the basis of these experimental data, the main task of the present work was to find regularities and create a computational and analytical model of erosion wear of such materials. At the same time, the problem of criterial evaluation of materials was solved, with the help of which they could be categorized as plastic or hardened in order to be described within the corresponding mechanical model of fatigue failure. 
Limiting state diagrams
Analysis of experimental data obtained from the results of bench erosion testing of steel samples with different structures makes it possible to recommend their limiting state diagrams as a classification criterion for ductile and durable materials. Such diagrams of austenitic and martensitic steels are presented in Fig. 3 and Fig. 4 , respectively. The linear graph represents the limiting, and the nonlinear -the critical stress. Austenitic steel does not have points of intersection on the diagram (Fig.  3) , which indicates the absence of cracks and allows it to be categorized as ductile materials with percolation fatigue failure mechanisms under conditions of droplet impingement erosion wear. The points of intersection of the graphs in the martensitic steel diagram (Fig. 4) are the initial l0 and critical l C fracture dimensions by their physical entity. For l < l 0 , the crack does not spontaneously grow, and there is no danger of brittle failure. At l  l C , crack growth is irreversible and autocatalytic is accelerated, and destruction (formation of an erosion wear crater) is developing catastrophically fast. The values of l 0 and l C in the framework of the proposed calculation and analytical model are found by solving equations (1) for ultimate  p and critical  k stresses for a material specified by such properties as hardness HV, tensile strength  B , fracture toughness K 1С taking into account the geometric parameters of the crack Y. The factor Y characterizes the type of crack and can be determined from directories, for example [22] . In this case, depending on the choice of the crack type, the values of Y can differ substantially and they must be coordinated with the experiment. For example, for steel 20Cr13 with a martensitic structure, we have: l C = 68 μm -for the projection of the crack on the surface of the sample and l C = 7 μm -for the projection of the crack along the sample section (depth).
In the interval between l 0 and l C , the rate of crack growth (per one loading cycle, i.e, one dropping impact) is determined in accordance with Paris equation (2) 
where the value of K is determined by the expression:
taking into account the following conditions:
Here K is the stress concentration coefficient for the corresponding maximum  max. and minimum  min. stresses of a single cycle.
Single loading cycle
It was shown in [3] that when a liquid drop hits a metal surface, the stress  is distributed over the surface in time  in accordance with the graph in Fig. 5 . The value  is expressed in relative units  0 •c 0 •V 0 , called the hydraulic shock margin. Time  also has a relative scale, where  0  is the density of the liquid, c 0  is the velocity of sound in the liquid under normal conditions, V 0 is the impact velocity, and R 0 is the radius of the drop. Fig. 5 also shows the stress values adopted in the theory of fatigue, in particular in the Paris-Erdogan theory (maximal  max , minimum  min , mean  m , etc.). However, they need to be refined for use in the Paris equation (2). 
Multi-cycle loading
By the solution of the Paris equation (2) for the conditions of droplet impingement erosion, an acceptable number of cycles (droplet impacts) N C that determines the duration of the incubation period of erosive wear of this material can be found:
Strictly speaking, the value of N C obtained by integration is not the value of the incubation period of droplet impingement erosion m 0 , since it does not take into account the number of N 3 cycles necessary to form a crack of size l 0 . Therefore, for application of expression (5) Without going into the details of this correlation, which are fulfilled in the development of the computational and analytical model, we present the result of the use of the Paris-Erdogan theory (2) + (3) + (5), taking into account the features of the droplet impingement erosion mechanism (4) using the example of steel 20Cr13 with a martensitic structure, presented in Fig. 6 . Dependences in Fig. 6 can be considered as the applied criterion of erosion failure, showing the minimum value of the impact velocity at which wear in steel is initiated. If the graph of the function in Fig. 6 is below the threshold line, the distance over which the crack propagates in one loading cycle lies in the region of elastic deformations and elastically relaxes after the load is removed. In this case, the crack will not grow. For example, it follows from 
Conclusion
Thus, the criterion of the minimum impact velocity at which wear is initiated can be considered as universal for any material. A similar criterion was proposed in [3] on the basis of the Goodman fatigue model for plastic metal alloys, and in this paper it was used for reinforced (hardened) metal alloys based on the Paris-Erdogan model. This provides a single measuring space for materials, the surface degradation of which during droplet impingement erosion occurs in fundamentally different mechanisms -by developing brittle cracks in hardened metal materials and by forming fatigue porosity by the mechanism of percolation in ductile metal materials.
